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VM26A.2y roles in Drosophila oogenesis, as its activity is required at multiple steps during
egg chamber maturation. Recently, its involvement has been reported on eggshell production by controlling
chorion gene transcription and ampliﬁcation. Here, we present evidence that ecdysone signaling also
controls the expression of the eggshell gene VM32E, whose product is a component of vitelline membrane
and endochorion layers. Speciﬁcally blocking the function of the different Ecdysone receptor (EcR) isoforms
we demonstrate that EcR-B1 is responsible for ecdysone-mediated VM32E transcriptional regulation.
Moreover, we show that the EcR partner Ultraspiracle (Usp) is also necessary for VM32E expression. By
analyzing the activity of speciﬁc VM32E regulatory regions in usp2 clones we identify the promoter region
mediating ecdysone-dependent VM32E expression. By in vitro binding assay and site-directed mutagenesis
we demonstrate that this region contains a Usp binding site necessary for VM32E regulation.
Our results further support the crucial role of ecdysone signaling in controlling transcription of eggshell
structural genes and suggest that the heterodimeric complex EcR-B1/Usp mediates the ecdysone-dependent
VM32E transcriptional activation in the main body follicle cells.
© 2009 Elsevier Inc. All rights reserved.Introduction
Hormonal signaling plays key regulatory roles in Drosophila
development and principally involves the steroid 20-hydroxyecdy-
sone (20E) (Henrich and Brown, 1995; Riddiford et al., 2000;
Thummel and Chory, 2002). Ecdysone activity is mediated by a
heterodimer of two nuclear receptors, Ecdysone receptor (EcR) and
Ultraspiracle (Usp) (Yao et al., 1992, 1993; Thomas et al., 1993). The
EcR/Usp heterodimer directly controls expression of early ecdysone
response genes, which coordinate the subsequent transcription of
tissue-speciﬁc late genes (Ashburner et al., 1974; Thummel, 1996).
EcR encodes three protein isoforms: EcR-A, EcR-B1 and EcR-B2.
These proteins have common DNA- and ligand-binding domains but
differ in their N-terminal region, which is probably responsible for
the response speciﬁcity to the ecdysone stimulus. Moreover the
three isoforms have different spatial and temporal expression
proﬁles (Talbot et al., 1993; Truman et al., 1994) triggering speciﬁc
cellular responses to ecdysone stimuli during different develop-
mental stages (Bender et al., 1997; Schubiger et al., 1998). The EcR
partner Usp is the Drosophila RXR homologue (Oro et al., 1990). The
EcR/Usp heterodimer controls gene transcription by binding torgiulo),
s work.
l rights reserved.speciﬁc sequences named Ecdysone Response Elements (EcREs)
(Riddihough and Pelham, 1987; Cherbas et al., 1990). Both in vitro
and in vivo analyses have led to the identiﬁcation of various EcREs,
which are invariantly composed of a direct or inverted repeat of the
consensus sequence PuG(G/T)TCA spaced by an unconserved
sequence spanning from 1 to 12 nucleotides (Antoniewski et al.,
1993, 1996; D'Avino et al., 1995).
Genetic, biochemical and physiological studies have established
the importance of ecdysone signaling also in oogenesis. From these
analyses a pleiotropic function has emerged. Indeed, ecdysone
signaling controls production of yolk proteins (Bownes, 1982; Carney
and Bender, 2000; Terashima and Bownes, 2004), egg chambers
maturation (Buszczak et al., 1999; Gaziova et al., 2004; Soller et al.,
1999), follicular epithelium morphogenesis (Romani et al., 2009),
border cell migration (Cherbas et al., 2003; Bai et al., 2000; Hackney et
al., 2007) and eggshell formation (Cherbas et al., 2003; Hackney et al.,
2007; Oro et al., 1992; Tzolovsky et al., 1999). Among the observed
phenotypes, inhibition of ecdysone signaling results in thin eggshell
(Oro et al., 1992; Hackney et al., 2007), pointing to its role in
controlling eggshell morphogenesis. As previously reported an EcRE is
present in s15 chorion gene promoter and the downstream half-site of
this element is bound in vitro by Usp (Shea et al., 1990; Khoury-
Christianson et al., 1992). Moreover Hackney et al. (2007) have
recently demonstrated that EcR regulates chorion gene expression
and ampliﬁcation. In the present study we investigate whether
ecdysone signaling plays a more general role in controlling eggshell
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vitelline membrane genes: VM32E and VM26A.2.
Time-coordinated expression of eggshell structural genes is one of
the key factors in eggshell formation but little is known about the
signaling pathways underlying this transcriptional regulation. Droso-
phila eggshell constituents are synthesized in the follicle cells starting
at stage 8 in a well-deﬁned spatial and temporal pattern that reﬂects
their structural contribution to the different layers making up the
eggshell. Between stages 8 and 10 vitelline membrane genes are
expressed, while chorion gene transcription begins at stage 11 and
proceeds until the end of oogenesis (reviewed in Cavaliere et al., 2008;
Mahowald, 1972; Petri et al., 1976; Waring and Mahowald, 1979;
Fargnoli and Waring, 1982). VM32E was assigned to the vitelline
membrane gene family, based both on its stage-speciﬁc expression
pattern and on the presence of a conserved aminoacid sequence called
VM domain (Gigliotti et al., 1989). Beside these features, shared with
the other best-characterized vitelline membrane gene VM26A.2
(Burke et al., 1987; Popodi et al., 1988), VM32E presents some
peculiarity. Its expression is restricted to stage 10 of oogenesis. At
stage 10A VM32EmRNA begins to accumulate in the ventral domain of
the follicular epithelium and subsequently it becomes detectable also
on the dorsal side of the egg chamber. Moreover VM32E transcription
is tightly regulated spatially. It is expressed in the main body follicle
cells except for centripetal cells and the most posterior follicle cells
(Gargiulo et al., 1991). This expression pattern depends on a complex
transcriptional regulatory network. We have previously identiﬁed
three main cis-acting regulatory regions in VM32E promoter control-
ling its expression in different follicle cell domains (Cavaliere et al.,
1997; Andrenacci et al., 2000). More recently we demonstrated the
contribution of Decapentaplegic (Dpp) and Epidermal Growth Factor
Receptor (EGFR) pathways in VM32E transcriptional regulation: the
former repressing VM32E expression in the centripetal cells (Bernardi
et al., 2006) and the latter modulating it in the main body follicle cells
(Bernardi et al., 2007).
Immunohistochemistry analyses have revealed other features
characterizing VM32E. Although not expressed in the centripetal and
most posterior follicle cells, once secreted VM32E is able to spread to
the terminal domains, becoming uniformly distributed around the
oocyte at stage 11. In addition, in late stage egg chambers VM32E is
present in the vitelline membrane and also in the endochorion,
suggesting it contributes to the assembly of both eggshell layers
(Andrenacci et al., 2001).
In the present study we show that VM32E but not VM26A.2
expression is dependent on ecdysone signaling and this control
requires Usp and EcR-B1 nuclear receptors. Therefore, this signaling
pathway does not appear to play a general role for the activation of the
other members of the vitelline membrane gene family. These results
highlight the distinguishing characteristics of VM32E gene, which
shares common features with both vitelline membrane and chorion
genes and conﬁrm the key role played by ecdysone in eggshell
assembly.
Materials and methods
Fly strains
Stocks were raised on standard cornmeal/yeast/agar medium at
25 °C, and crossesweremade at the same temperature unless otherwise
stated. y,w67c23wasused as thewild-type stock in this study. Stocks used
for clonal analysis were P{ry+, hsFlp}, y1, w1118; DrMio/TM3, ry, Sb1
(Bloomington stock 7), P{ry+t7.2=hsFLP}1, w1118; Adv1/CyO (Blooming-
ton stock 6), y1, w⁎, P{w+mC=GAL4-Act5C(FRT.CD2).P}D (Bloomington
stock 4779), w1118; P{w+mc=UAS-EcR-RNAi}104 (Bloomington stock
9327), w1118; P{UAS-EcR.A.dsRNA}91/TM3, P{ActGFP}JMR2, Ser1 (Bloo-
mington stock 9328), w1118; P{w+mC=UAS-EcR.B1.dsRNA}168 (Bloo-
mington stock 9329), w⁎; P{w+mC=UAS-EcR.B2.F645A}TP1(Bloomington stock 9450), P{neoFRT}19A, P{tubP-GAL80}LL1, P
{hsFLP}1, w⁎; P{UAS-mCD8::GFP.L}LL5 (Bloomington stock 5134),
w1118, P{Ubi-GFP(S65T)nls}X, P{neoFRT}18A (Bloomington stock
5623), y1, w⁎; P{w+mC=tubP-GAL4}LL7/TM3, Sb1 (Bloomington
stock 5138), y, npr3, FRT19A/FM7GG and usp2, FRT19A/FM7a and w, usp3,
FRT19A;λ10, Tb/TM3Sb andw, usp2, hs-Nmyc, FRT18A/FM7a andw, FRT18A;
hs-Flp (kindly provided by Schubiger), −253/−39-lacZ and −348/
−254Δ−112/−39-lacZ (Cavaliere et al., 1997),−444/−39-EcRE-M-lacZ.
Clonal analyses
Clonal overexpression of UAS-IR-EcR, UAS-IR-EcR-A, UAS-IR-EcR-B1
and UAS-EcR-B2F645A was obtained using the Flp/Gal4 technique
(Pignoni and Zipursky, 1997; Neufeld et al., 1998) by crossing the
appropriate ﬂy strains. Clonal overexpression of UAS-IR-EcR and of
UAS-IR-EcR-B1 was induced collecting respectively females of the
genotype hs-Flp/Act5CNCD2NGal4; UAS-IR-EcR and hs-Flp/
Act5CNCD2NGal4; UAS-IR-EcR-B1/+. Flies were heat shocked four
times for 1 h at 37 °C and then were transferred to fresh vials with y,
w67c23 males and incubated at 29 °C. Before dissection, the ﬂies were
transferred to fresh, yeasted food daily at 29 °C for 6 days. Clones
overexpressing the UAS-IR-EcR-A transgene were obtained by heat
shocking females of the genotype Act5CNCD2NGAL4/hsFlp; UAS-IR-EcR-
A/+ four times for 1 h at 37 °C. After the third heat shock, these females
were transferred daily to fresh yeasted food at 29 °C for 10 days.
Clonal overexpression of UAS-EcR-B2F645A was induced collecting
females of the genotype hs-Flp/Act5CNCD2NGal4; UAS-EcR-B2F645A/+.
Flies were heat shocked two times 1 h at 37 °C and then transferred to
fresh vials with y, w67c23 males and incubated at 29 °C. Before
dissection, the ﬂies were transferred to fresh, yeasted food daily at
29 °C for 3 days.
Site-directed mitotic recombination was catalyzed by the heat
shock-inducible Flp yeast recombinase at a FRT target element (Duffy
et al., 1998). Females respectively of the genotype w, usp2, hs-Nmyc,
FRT18A/w, Ubi-GFPnls, FRT18A; hs-Flp/−253/−39-lacZ andw, usp2, hs-
Nmyc, FRT18A/w, Ubi-GFPnls, FRT18A; hs-Flp/−444/−39-EcRE-M-lacZ
were heat-shocked four times and then transferred to fresh, yeasted
food daily at 25 °C for 10 days.
usp2, usp3 and npr3 clonal analyses were carried out using MARCM
system (Lee and Luo, 1999). Females respectively of the genotype
usp2, FRT19A/w, hs-Flp, tub-Gal80, FRT19A; UAS-mCD8-GFP/+; tub-
Gal4/+ and usp2, FRT19A/w, hs-Flp, tub-Gal80, FRT19A; UAS-mCD8-
GFP/−348/−254Δ−112/−39-lacZ; tub-Gal4/+ and y, npr3, FRT19A/
w, hs-Flp, tub-Gal80, FRT19A; UAS-mCD8-GFP/+; tub-Gal4/+ were
heat-shocked four times and then transferred daily to fresh, yeasted
food at 25 °C for 10 days. Femalesw, usp3, FRT19A/w, hs-Flp, tub-Gal80,
FRT19A; UAS-mCD8-GFP/+; tub-Gal4/+ were collected and heat-
shocked three times. Before dissection the ﬂies were transferred daily
to fresh, yeasted food at 25 °C for 3 days.
Immunoﬂuorescence microscopy
Fixation and antibody staining of hand-dissected ovaries were
carried out as previously described (Andrenacci et al., 2001).
Monoclonal anti-EcR 1:10 (AG10.2, DSHB), anti-EcR-A 1:10 (15G1A,
DSHB), anti-EcR-B1 1:10 (AD4.4, DSHB), anti-CD2 1:250 (MCA154G,
SEROTEC) antibodies were used and detected with FITC-conjugated
anti-mouse secondary antibody (1:250, Invitrogen). Monoclonal anti-
βgal 1:25 (401a, DSHB) was detected with Cy3-conjugated secondary
antibody (1:200, Jackson). Anti-CVM32E (1:100), anti-VMP (1:50),
anti-βgal (1:500, MP biomedicals) antibodies were detected with
Cy3-conjugated anti-rabbit secondary antibody (1:100, Sigma).
Stained egg chambers were mounted in Fluoromount-G (Electron
Microscopy Sciences) for DAPI staining and subsequently were
analyzed with conventional epiﬂuorescence on a Nikon Eclipse 90i
microscope and with TCS SL Leica confocal system.
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Gel-puriﬁed DNA fragments were 5′ end-labeled with T4-kinase
and [γ-32P] ATP by standard techniques. Protein extracts were
obtained from bacteria with and without the plasmid expressing the
Usp protein (Shea et al., 1990) and incubated with approximately 1 ng
of DNA labeled fragments. Footprinting was performed using the
−465/−249 region, obtained by cleaving with Xba I the clone pP[ry;
VM32E(−465/−249)-lacZ] (described in Gargiulo et al., 1991). After
end-labeling the DNA was digested with Not I and the −465/−249
DNA fragment labeled at the Xba I site was recovered from an agarose
gel. The footprint technique was carried out as described by Shea et al.
(1990).
Site-directed mutagenesis of Usp binding site and production of
transgenic Drosophila
In vitro mutagenesis of the Usp binding site located in position
−295/−290 of the VM32E 5′ region was performed by means of the
“mega-primer” method of site-directed mutagenesis (Sarkar and
Sommer, 1990). In a ﬁrst step of PCR, by using 5′-GGTCGCTCTACTA-
CATACG-3′ and 5′-GCTGTTTATTGtCgCAATTTCCC-3′ primers we
obtained a −465/−281 fragment carrying the two mutated bases
(lower case letters) respectively in position −294 and −292 of the
VM32E 5′ region. In a second step we used as primers for PCR the
284 bp −465/−281 mutated fragment together with the 5′-
GACTTTAATAACAAAACTCGGC-3′ primer. The resulting ampliﬁed
fragments were cloned in pUC19 and sequenced. A −444/−39
promoter region with the substitutions T→A in position −292 and
G→C in position −294 was subcloned into the transformation
HZ50PL vector and transgenic ﬂies for −444/−39-EcRE-M-lacZ
construct were generated as previously described using a cn; ry506
strain as a recipient stock (Rubin and Spradling, 1982).
Results
The EcR-B1 isoform activates VM32E expression in main body
follicle cells
Ecdysone signaling is involved in eggshell assembly, being
responsible for chorion gene ampliﬁcation and transcription (Cherbas
et al., 2003; Oro et al., 1992; Hackney et al., 2007). To test whether it is
also involved in vitelline membrane gene regulation, we analyzed
VM32E and VM26A.2 expression in genetic backgrounds lacking EcR
function. To this purpose we used two different approaches. We
induced formation of follicle cell clones lacking EcR isoforms using a
heat-shock driven Flp recombinase in association with the Ac-
tin5CNCD2NGal4 cassette and UAS-IR-EcR constructs. We ﬁrst made
use of a UAS-IR-EcR transgene containing a sequence common to all
three EcR isoforms. As shown in Figs. 1A–C VM32E expression,
detected by a polyclonal antibody that reacts with the VM32E protein
(anti-CVM32E antibody referred in Andrenacci et al., 2001), was
strongly reduced in CD2-negatively marked follicle cells that express
the transgene. Double immunolocalization of VM32E and EcR, using
an antibody directed against an epitope common to all three EcR
isoforms, conﬁrmed the effectiveness of the transgene in silencing EcR
expression. In the large clone shown in Figs. 1D–F EcR protein was
quite undetectable and VM32E expression was severely affected. We
subsequently analyzed VM26A.2 protein distribution in this genetic
background using a polyclonal antibody that recognizes this protein
(anti-VMP antibody referred in Andrenacci et al., 2001). Knocking
down EcR levels did not alter VM26A.2 expression. As a matter of fact
VM26A.2 is expressed at the same levels in the clones as in the
neighboring cells (Figs. 1G–L). These results show that EcR is
necessary for VM32E and not VM26A.2 expression in the main body
follicle cells. During oogenesis EcR-A and EcR-B1 are both observed infollicle and nurse cells of very early egg chambers to stage 14 egg
chambers (Carney and Bender, 2000). Indirect experimental evi-
dences suggest that also EcR-B2 plays a role in this process (Cherbas et
al., 2003). In view of this, we tried to identify which isoform controls
VM32E expression. To address this issue we individually knocked
down EcR-A and EcR-B1 isoforms using two different UAS-IR-EcR
transgenes designed to target respectively the three 5′ EcR-A speciﬁc
exons α0, α1, α2 and the 5′ EcR-B1 speciﬁc exon β2 (Roignant et al.,
2003). Expression of the UAS-IR-EcR-B1 transgene in follicle cell
clones reduced EcR-B1 protein to undetectable levels (Fig. 2D) and
abolished VM32E expression (Figs. 2B, E). This argues for EcR-B1
having a role in positively regulating VM32E expression in main body
follicle cells. On the contrary, no effect was seen upon expression of
the UAS-IR-EcR-A transgene. Speciﬁc silencing of EcR-A, assessed by
anti-EcR-A staining (Fig. 2J), did not affect VM32E expression as
shown in Figs. 2H, K. We next analyzed the potential role of EcR-B2
isoform in VM32E transcriptional regulation. As demonstrated by
Talbot et al. (1993), EcR-B1 and EcR-B2 genes are transcribed from the
same promoter. EcR-B mRNAs originate from alternative splicing and
differ from each other because the EcR-B2mRNA does not contain the
exon β2. This makes impossible to speciﬁcally knock down the EcR-B2
isoform using RNA interference. Therefore we induced the expression
of a dominant negative molecule, EcR-B2F645A, in follicle cell clones
(Fig. 2M). This resulted in abolition of VM32E expression, as
evidenced in Figs. 2N, O. The UAS-EcR-B2F645A transgene encodes a
mutant receptor that maintains the ability to bind ligand and its
partner Usp but cannot mediate transcriptional activation (Cherbas et
al., 2003). Therefore, we cannot exclude that this EcR-B2 mutant
receptor expressed at high levels could also interfere with the activity
of the other EcR isoforms competing with them for Usp and/or
ecdysone binding. In this case the abolition of VM32E expression
observed in follicle cells expressing the mutant receptor could be due
to interference with EcR-B1/Usp function.
Our results clearly point to EcR-B1 as the isoform mediating
ecdysone-dependent VM32E expression. In addition, they also suggest
a possible role of the EcR-B2 isoform in VM32E gene expression.Usp function is necessary for VM32E expression
EcR activity seems to require Usp protein to form a heterodimeric
transcription complex that mediates the cellular response to ecdysone
signaling (Yao et al., 1992, 1993; Thomas et al., 1993). Similarly with
the EcR isoforms, usp is also expressed generally throughout
oogenesis, in both follicle and nurse cells (Khoury-Christianson et
al., 1992; Oro et al., 1992). We therefore investigated whether Usp is
also necessary for VM32E expression in the main body follicle cells. To
this purpose we analyzed the effect of two different usp alleles: usp3,
which encodes a stable protein with defective DNA-binding domain
(Henrich et al., 1994) and usp2, which is a loss of function allele
encoding a truncated protein unable to mediate activation (Oro et al.,
1990; Schubiger and Truman, 2000). Follicle cell clones homozygous
for either one of the two mutations were induced using the MARCM
technique. In usp3 clones, positively marked by GFP, VM32E expres-
sion was unaffected (Figs. 3A–C). As demonstrated by Ghbeish et al.
(2001), although unable to bind DNA, usp3 is still capable of
heterodimerizing with EcR and activating some target genes. To test
if this was indeed the case we analyzed VM32E expression in usp2
clones. Staining with an antibody that speciﬁcally recognizes an
epitope mapping in the region of the ﬁrst Usp zinc ﬁnger (AB11,
Khoury-Christianson et al., 1992) conﬁrms that no Usp protein was
detectable in the nuclei of usp2 follicle cell clones (data not shown).
Immunolocalization using anti-CVM32E antibody clearly shows that
VM32E expression (Fig. 3E) was drastically reduced in cells lacking
Usp positively marked by GFP (Figs. 3D, F), proving that Usp function
is necessary for VM32E expression in main body follicle cells.
Fig.1. Clonal knockdown of all the three EcR isoforms affects VM32E but not VM26A.2 expression. (A–L) Confocal surface section of stage 10B egg chambers expressing the UAS-IR-EcR
transgene in follicle cell clones. (A–F) Co-immunolocalization of VM32E protein (B,E) with, respectively, CD2 marker (A) and EcR protein (D) reveals that VM32E expression is
strongly reduced in cells lacking EcR function (see dotted areas in the merged images C and F). (G–L) Double staining with anti-VM26A.2 antibody (H,K) and, respectively, anti-CD2
(G) or anti-EcR common (J) antibodies demonstrates that VM26A.2 expression is not altered in the absence of EcR (see dotted areas in the merged images I and L). Anterior is left in
all panels. Scale bars correspond to 20 μm.
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Fig. 2. VM32E expression is inhibited both in clones lacking EcR-B1 and in clones expressing EcR-B2F645A, while it is not altered in the absence of the EcR-A isoform. (A–F) Confocal
surface section of stage 10B egg chambers expressing the UAS-IR-EcR-B1 transgene. In follicle cell clones (dotted areas) marked by the absence of CD2 (A) or EcR-B1 (D) signals,
VM32E protein (B and E) is not detected (see the merged images C and F). (G–L) Confocal surface section of stage 10B egg chambers expressing the UAS-IR-EcR-A transgene. Co-
immunolocalization of VM32E protein (H and K) and, respectively, CD2 (G) and EcR-A (J), reveals that VM32E expression is not affected by EcR-A silencing (see dotted areas in the
merged images I and L). (M–O) Confocal surface section of stage 10B egg chambers expressing the UAS-EcR-B2F645A transgene. Within the CD2 negatively marked clone (dotted area
in M), VM32E is not detected (N and O). Anterior is left in all panels. Scale bars represent 20 μm.
545F. Bernardi et al. / Developmental Biology 328 (2009) 541–551Although VM26A.2 expression was not altered in EcR loss of
function clones, we analyzed VM26A.2 distribution in usp2 clones,
since previous works suggested that Usp could also functionindependently of EcR (Sutherland et al., 1995; Hall and Thummel,
1998). Not surprisingly VM26A.2 expression was not affected in
follicle cells lacking Usp function (Figs. 3G–I). These results highlight
Fig. 3. VM32E expression is regulated by the EcR partner Usp but not by the early ecdysone-response gene br. (A–L) Confocal surface section of stage 10B egg chambers. (A–C) VM32E
expression (B) is not altered in usp3 clone (bracket) positively marked by GFP (A) as is evident from the merged image (C). (D–F) VM32E expression (E) is strongly reduced in GFP
positive (D) follicle cell clones (brackets) homozygous for the usp2 loss of function allele (see the merged image F). (G–IVM26A.2 expression (H) is not affected in GFP positive usp2
clones (G) as is evident from the merged image (I). (J–L) Absence of BR function in follicle cell clones positively marked by GFP signal (J) does not alter VM32E expression (K) as
shown in the merged image L. In all panels egg chambers are oriented with anterior end on the left. Scale bars correspond to 20 μm.
546 F. Bernardi et al. / Developmental Biology 328 (2009) 541–551the unique features of VM32E transcriptional regulation compared to
the other members of the gene family it belongs to. Moreover they
assess that the EcR-B1/Usp heterodimer is involved in mediating
ecdysone-triggered VM32E transcriptional regulation.
Ecdysone-induced VM32E expression does not require broad
The accepted model for ecdysone signaling postulates that the
EcR/Usp heterodimer induces activation of a hierarchy of genes.
Many early ecdysone-response genes have been so far identiﬁed and
broad (br) is one of them. It encodes a family of zinc ﬁngertranscription factors (Chao and Guild, 1986; DiBello et al., 1991). All
four isoforms are expressed in oogenesis and during late stages br
function controls eggshell morphogenesis (Tzolovsky et al., 1999).
We therefore investigated whether it is involved in mediating
ecdysone-dependent VM32E transcriptional regulation. To this
purpose we induced follicle cell clones homozygous for the brnpr-3
allele, which affects all BR isoforms (Kiss et al., 1988). Absence of BR
did not alter VM32E expression pattern. As shown in Figs. 3J–L,
VM32E is expressed at the same levels in the clone as in the
neighboring follicle cells, indicating that ecdysone-induced VM32E
activation does not require br activity.
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The results of usp2 and EcR clonal analyses indicate that
ecdysone signaling controls VM32E expression in the main body
follicle cells. Our previous data on VM32E promoter have shown
that the spatial and temporal expression pattern of VM32E gene is
achieved by the combined activity of positive and negative
controlling elements located within the −348/−39 sequence,
which we called the minimal promoter (Fig. 4A). The proximal
element (−112/−39) interacts with two upstream cis-regulatory
regions (−253/−113 and −348/−254) and is absolutely requiredFig. 4. Usp controls VM32E expression acting on its−348/−254 promoter region. (A) Schem
promoter. The −348/−254 and the −253/−113 elements interact with the −112/−39 fra
section of a stage 10B usp2 mosaic egg chamber expressing the −253/−39-lacZ transgen
expression of the −253/−39-lacZ gene (C) is unaffected (see the merged image D). (E–G) C
−253Δ−112/−39-lacZ transgene. Within the GFP positively marked usp2 clone (E), expressi
follicle cells (bracket) while it is unaffected in the centripetal cells (arrow; see the merged im
bars correspond to 20 μm.for their output. When the proximal element is joined with the
−253/−113 region, the lacZ reporter gene is expressed in the
ventral follicle cells. The −253/−113 fragment besides containing
the positive element(s) that specify VM32E gene expression in the
ventral domain contains the cis-acting element(s) repressing gene
activity in the centripetal follicle cells (Cavaliere et al., 1997). Within
the −348/−39 minimal promoter, the −348/−254 region appears
essential to drive the dorsal expression of the gene and to enhance
the ventral expression. When the −348/−254 region is joined with
the proximal element (−348/−254Δ−112/−39), the expression is
higher than the one shown by the −348/−39 promoter andatic representation of the interactions among the cis-regulatory elements of the VM32E
gment to control VM32E expression in the different follicle cell. (B–D) Confocal cross-
e. In the ventral usp2 follicle cell clone marked by absence of GFP (bracket in B) the
onfocal surface section of a stage 10B usp2 mosaic egg chamber expressing the −348/
on of the−348/−253Δ−112/−39-lacZ transgene (F) is strongly reduced in main body
age G). In all panels egg chambers are oriented with the anterior end to the left. Scale
548 F. Bernardi et al. / Developmental Biology 328 (2009) 541–551involves also centripetal follicle cells, due to the absence of the
−253/−113 region (Andrenacci et al., 2000).
To map the promoter region throughwhich the ecdysone signaling
activates VM32E gene expression, we analyzed the activity of two
reporter transgenes in usp2 mutant follicle cell clones. The transgenes
used encode the lacZ reporter gene under the control of −112/−39
proximal element with either the −253/−113 or the −348/−254
regions. The transgene bearing the −253/−39 region induces
expression in the ventral domain of the follicular epithelium
(Cavaliere et al., 1997). As shown in Figs. 4B–D its activity is notFig. 5. The VM32E promoter contains an EcRE that positively controls VM32E dorsal expre
regulatory region. The DNA fragment was end-labeled at position−465. In lanes 1–3 are sh
DNA fragment incubated with bacterial extract non-expressing the Usp protein. Lanes 4–6 s
Usp protein. The M lane is a G chemical degradation sequencing ladder of the −465/−249
upstream half-site (box) of the EcRE sequence reported underneath. Within this sequence, th
induces ventral expression of the lacZ reporter gene. (B) Schematic representation of the wil
The mutated EcRE contains two mutations in the upstream GGGTCA half-site (−295/−2
expressing the −444/−39-EcRE-M-lacZ transgene. Co-immunolocalization of the dorsal po
drives lacZ expression only in the ventral follicle cells. (D–F) Confocal cross section of a stage
ventral usp2 follicle cell clones, marked by absence of GFP (asterisks in D), βgal expressionsensitive to the absence of Usp function, since lacZwas still expressed
in usp2 ventral follicle cell clones. This suggests that Usp promotes
VM32E expression acting on the more upstream region of the
promoter (−348/−254). Indeed, Usp was necessary for the activity
of a second transgene (−348/−254Δ−112/−39), which contains the
−348/−254 region and lacks the−253/−113 region. This transgene
is expressed in all the columnar follicle cells, except themost posterior
ones (Andrenacci et al., 2000). Follicle cells lacking Usp did not
express this transgene (Figs. 4E–G), conﬁrming that Usp-dependent
VM32E transcriptional activation is mediated by the −348/−254ssion. (A) DNase I footprinting analysis of the Usp factor on the −465/−249 VM32E
own as control the results obtained by treating with decreasing amount of DNase I the
how the protection footprint obtained by incubation with a bacterial extract containing
DNA fragment. The cyan solid bar indicates the Usp binding site, which contains the
e protected region is highlighted in cyan. (B–C) Mutation of the upstream EcRE half-site
d type EcRE and the mutated version carried in the−444/−39-EcRE-M-lacZ transgene.
90), which are marked in red. (C) Confocal cross section of a stage 10B egg chamber
larity marker Gurken (green) and βgal signal (red) reveals that the mutated transgene
10B usp2 mosaic egg chamber expressing the−444/−39-EcRE-M-lacZ transgene. In the
is not detected (E,F). In C–F anterior is on the left. Scale bars correspond to 20 μm.
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driven by the−112/−39 region of this construct does not require Usp
activity (see arrows in Figs. 4E–G). Thus, the VM32E promoter element
responding to the ecdysone signaling appears to be contained in the
upstream region (−348/−254) of VM32E minimal promoter. The
sequence of a putative EcRE (−273/−295) was found within this
region. To test its possible signiﬁcance we carried out both in vitro and
in vivo experiments. In vitro binding of Usp to the putative VM32E
EcRE was essayed by DNase I footprinting. Incubation of the −465/
−249 VM32E promoter regionwith Usp resulted in DNase I protection
of a sequence encompassing the upstream half-site of VM32E EcRE
(highlighted in Fig. 5A). Considering the optimal Usp binding site, we
introduced two mutations that, affecting respectively nucleotides 2
and 4 of the GGGTCA upstream half-site (Fig. 5B), will prevent Usp
binding (Khoury-Christianson et al., 1992). Mutations of this half-site
would impair ecdysone-induced transcriptional activation in vivo. To
verify this hypothesis we analyzed the activity of a lacZ reporter
transgene under the control of the −444/−39 VM32E promoter
region bearing the mutated EcRE half-site (−444/−39-EcRE-M-lacZ).
As shown in Fig. 5C this mutated promoter induces lacZ expression
only in the ventral follicle cells, indicating that this sequence is
necessary to induce expression in the dorsal domain of the follicular
epithelium. This pattern resembles the one shown by the−253/−39-
lacZ transgene, which lacks the upstream region (−348/−254) of the
minimal promoter, containing the EcRE. These results, combined with
the DNase I footprinting analyses, point to the EcRE as the cis-acting
element through which the EcR-B1/Usp complex positively controls
VM32E expression. In addition we analyzed in usp2 clones the
expression of the −444/−39-EcRE-M-lacZ transgene carrying the
mutated EcRE half-site. We found that in the absence of Usp function
(Fig. 5D) the activity of themutated transgene is completely abolished
(Figs. 5E, F). Comparing these results with usp2 clonal analyses and
EcR-B1 silencing opens up an intriguing issue on the interplay
between EcR-B1/Usp complex and the −348/−254 region.
Discussion
In Drosophila the eggshell genes are subjected to a ﬁne temporal
and spatial transcriptional regulation, which may underline speciﬁc
functionplayed by certain eggshell components in the assembly of this
complex extracellular structure. Although many eggshell structural
genes have been identiﬁed and their promoter elements characterized,
more work must be carried out to ﬁnd which signaling pathways and
transcription factors are involved in their speciﬁc regulation.
Our previous data have shown that VM32E expression pattern is
controlled by positive and negative cis-acting elements within the
VM32E minimal promoter (−348/−39) and implies the activity of
distinct signaling pathways. We have proved that Dpp signaling, by
acting in the−253/−113 VM32E promoter region, negatively controls
VM32E gene in the centripetal follicle cells (Bernardi et al., 2006).
More recently we demonstrated that EGFR pathway modulates the
levels of VM32E gene expression by acting in the−253/−39 promoter
region (Bernardi et al., 2007).
In addition to these pathways, here we show that VM32E expression
is dependent on ecdysone signaling. The putative involvement of
ecdysone signaling on eggshell gene regulation ﬁrstly came out from
the identiﬁcation of an Usp binding site in s15 chorion gene promoter
(Shea et al., 1990). More recently, by analyzing the effect of two
dominant negative EcR-B1 molecules in the follicular epithelium,
Hackney et al. (2007) demonstrated that ecdysone signaling is
implicated in chorion gene expression and ampliﬁcation. Our data
clearly show that EcR-B1 mediates ecdysone-dependent VM32E gene
expression. In addition, the results obtained by expressing a dominant
negative form of EcR-B2 suggest that also this isoform may positively
control VM32E gene. Conversely, the EcR-A isoform is not involved in
VM32E gene expression. Non-complementing functions of the EcRisoforms have been proved both by genetic studies (Bender et al., 1997;
Davis et al., 2005; Schubiger et al., 1998) and by the distinct biochemical
properties of the isoform-speciﬁc amino terminal domains (de la Cruz
et al., 2000; Hu et al., 2003; Mouillet et al., 2001). From our analyses it
appears that these proteins perform distinct functions also during
oogenesis, although expressed throughout egg chamber development
both in the somatic and germline cells (Carney and Bender, 2000).
usp mutant clonal analyses revealed that also Usp positively
controls VM32E expression in the follicular epithelium, suggesting
that the EcR-B1/Usp heterodimeric complex mediates the ecdysone-
dependent VM32E transcriptional activation. Within the−348/−254
region we found a putative EcRE to which the EcR/Usp transcription
complex could bind and activate gene expression. This EcRE is
composed of two imperfect direct repeats (half-sites) spaced by an
11 nt sequence. Although unusual, this element resembles a pre-
viously identiﬁed ecdysone receptor-binding element located within
the highly homologous coding regions of the ng-1 and ng-2 genes. As
demonstrated by D'Avino et al. (1995) this element is able to bind
either Usp or the EcR/Usp heterodimer in in vitro experiments.
Moreover, the GGTCA sequence present in the upstream half-site of
VM32E EcRE matches the half-site of the imperfect palindromic
EcRE present in s15 chorion gene promoter. In vitro experiments have
shown that the bacterially produced and partially degraded Usp can
bind speciﬁcally to the single half-sequence GGTCA of s15 chorion
gene (Shea et al., 1990; Khoury-Christianson et al., 1992). Likewise, we
demonstrated that Usp could also bind in vitro to the upstream half-
site of the VM32E EcRE. Furthermore, usp3 clonal analysis suggests
that Usp DNA-binding domain is dispensable for VM32E expression.
Indeed, VM32E expression is unaffected in usp3 clones, which express
a DNA-binding defective Usp protein. These results are consistent with
previous data published by Ghbeish et al. (2001), which demonstrate
the ability of EcR/Usp3 heterodimers to mediate gene activation.
According to their model, VM32E activation in usp3 clones may result
from EcR-B1/Usp3 binding to the EcRE via one or more EcR DNA-
binding domains.
By analyzing transgenes that drive lacZ expression under speciﬁc
VM32E promoter regions, we demonstrate in vivo the relevant
function of the −348/−254 region containing the EcRE in ecdy-
sone-mediated VM32E transcriptional activation. Moreover, these
results suggest that ecdysone signaling may play more than one role
in regulating VM32E gene. Indeed, the absence or the mutation of the
EcRE results in loss of reporter gene expression in dorsal follicle cells,
while the lack of Usp causes absence of expression of the native
VM32E gene and of constructs carrying the wild-type or the mutated
EcRE both in dorsal and ventral follicle cells. This may suggest that the
EcR-B1/Usp heterodimer activates VM32E expression in dorsal follicle
cells through its binding on the EcRE and that, besides this direct
positive activity, it may prevent the function of unknown repressor(s).
These repressor(s) will completely abolish VM32E expression in
follicle cells by acting on negative cis-element(s) located in the−348/
−254 region. A simple model that could explain the interplay
between EcR-B1/Usp and the putative repressor(s) is not easy to
draw. A direct competition between EcR-B1/Usp and repressor(s) for
binding to the EcRE site may not explain the ﬁnding that, in the
presence of Usp receptor, themutation of the upstream half-site of the
EcRE does not affect the ventral expression of the reporter gene, while
in usp2 clones its expression is fully repressed. In view of this, we can
suppose that in the presence of Usp the EcR-B1/Usp heterodimer may
bind to the downstream half-site of the mutated EcRE, and even if it
will not be able to activate the dorsal expression of the reporter gene,
it may prevent the binding of the repressor(s) within the−348/−254
region. According to this model, in the absence of Usp, the EcR-B1/Usp
heterodimer will not form allowing the binding of the repressor(s) to
responsive element(s). Alternatively, EcR-B1/Usp may control the
expression and/or the activity of repressor(s) that will be active in the
absence of Usp or EcR-B1 receptors. However, in both cases we cannot
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(s) will bind may map or partially overlap with the EcRE site.
The major outcome of our study is the ﬁnding that the VM32E gene
is under the control of ecdysone signaling. The complex regulatory
network, which ﬁnely controls VM32E gene expression, suggests that
the encoded protein may play speciﬁc function(s) on eggshell
formation. The VM32E protein is a component of the vitelline
membrane, and a reservoir function for follicle cell products involved
in embryonic patterning has been inferred to this innermost eggshell
layer (reviewed by Cavaliere et al., 2008). During eggshell assembly,
VM32E protein could be involved in the process that determines the
proper localization of maternal cues within the vitelline membrane.
Moreover, since VM32E is also a component of the endochorion, this
protein must have a role in the assembly of this eggshell layer. We
have already shown that absence of VM32E protein, caused by altered
Dpp or EGFR signaling, is associated with ﬂaccid egg phenotype and
defects in vitelline membrane integrity (Bernardi et al., 2006;
Bernardi et al., 2007). Since Dpp, EGFR and ecdysone signaling control
multiple developmental processes, by altering one of these pathways,
we could not infer any putative embryonic patterning defect
speciﬁcally caused by the absence of VM32E. Furthermore, due to its
structural contribution on eggshell assembly, it will not be simple to
ascertain if the VM32E function could be linked to the maternal
signaling anchored in the vitelline layer. Anyway, this is a challenging
aim to be addressed and could open up interesting issues on the
relation between eggshell assembly and embryonic patterning.
The presented results strengthen the function of ecdysone
signaling in eggshell formation and highlight once more the
distinctive nature of VM32E eggshell gene. Interestingly, this pathway
does not appear to have a general role in controlling the expression of
the other members of the vitelline membrane gene family.
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